This large scale study investigated the spatial variability of Pb, As, and Cd contents in raw milk within and between the 10 main milk producing areas in China. A total of 997 raw milk samples were analysed by inductively coupled plasma mass spectrometry (ICP-MS). Mean values of Pb, As, and Cd in milk were 1.75 μg/L, 0.31 μg/L, and 0.05 μg/L, respectively. The highest level of Pb and As was present in area C, and Cd was highest in area J. The standard deviation suggested a higher heterogeneity of milk heavy metal contamination within area than between areas. Levels of Pb, As, and Cd showed significant differences between studied areas. The estimated root mean squared standardised error obtained by the cross-validation suggested a differentiated quality of Pb, As, and Cd modelling between areas: the predictions obtained were sometimes overestimated or underestimated. These results can be used to define a more appropriate sampling procedure for heavy metal contaminate distribution in raw milk for improved future control of milk contamination by heavy metals in the studied areas. The significant positive correlations between concentrations of Pb-Cd, As-Cd, and Pb-As were observed in nine, six and five areas, respectively. No significant negative correlations were observed. The observed variability of correlation values suggested a different pollution source for Pb, As, and Cd in milk between areas. Further studies are required to clarify the relationships between the contamination of raw milk by heavy metals and the herd environment.
Introduction
Milk and dairy products contain protein, fat, and other elements essential for human health, especially for body metabolism, growth, and Science of the Total Environment 650 (2019) [3054] [3055] [3056] [3057] [3058] [3059] [3060] [3061] development. Minerals are considered essential elements. For instance, calcium, copper, and selenium are essential minerals for normal human body functions, as they are involved in many physiological processes (Alasalvara et al., 2002; Licata et al., 2012) . However, heavy metals such as lead (Pb), arsenic (As), and cadmium (Cd) may also be found in milk (Swarup et al., 2005; Shailaja et al., 2014) . If they are consumed in excessive concentrations, these heavy metals can lead to serious systemic health problems (Oliver, 1997) . This can occur when the foodstuff is contaminated by heavy metals present in the production environment. For instance, Swarup et al. (2005) showed that blood Pb levels in lactating cows reared around lead zinc smelting factories were significantly higher than those in non-polluted areas. Shailaja et al. (2014) suggested that contaminated fodder given to buffalos might be one factor responsible for elevated Pb levels in blood and milk. The same observations can be made for other heavy metals such as As. For instance, contaminated drinking water and food are the most important routes of As exposure (Ohno et al., 2007; WHO, 2010) . Therefore, there is a link between the environment/localisation of the dairy farms and the number of contaminated ruminants.
Few investigations have been conducted to study this relationship in raw cow milk. Qu et al. (2013) measured Pb, As, and Cd in 192 raw milk samples from 7 districts of Tangshan city, to find an average of 35.13 μg/kg, 95.85 μg/kg, and 41.35 μg/kg, respectively. The levels of these metals were relatively higher in the industrial district. These findings confirmed the results obtained previously by Malhat et al. (2012) from 100 milk samples, and by Temiz and Soylu (2012) from 144 raw milk samples. Rahimi (2013) extended this study to 137 goat, cow, sheep, and buffalo milk samples. Those authors confirmed that an environmental relationship was responsible for milk contamination. More recently, from a limited number of samples (n = 40), Zhou et al. (2016) showed differences in heavy metal concentrations in raw milk collected in two different Chinese provinces (Shandong and Shaanxi province). In conclusion, all of these studies suggest the existence of spatial variability in milk heavy metal contamination related to the production environment.
Unfortunately, there is a lack of large scale studies to allow detailed investigation of the spatial distribution of these heavy metal contaminants in raw cow milk. Therefore, the present research aims to study the variability of Pb, As, and Cd within and between the main milk producing areas in China, thanks to a large scale design. This study will contribute to improve knowledge of the existing variability of this type of milk contamination in China. This can be used to refine the definition of an appropriate sampling procedure for regular control of the evolution of heavy metal contamination in milk.
Materials and methods

Sample collection
The study was conducted in the ten main Chinese milk producing areas marked in Fig. 1 with A (part of Beijing: 39°54′ -40°58′ N, 115°39′ -117°52′ E), B (part of Inner Mongolia: 40°53′ -41°11′ N, 109°71′ -112°30′ E), C (part of Shandong: 36°30′ -36°95′ N, 118°38′ -119°32′ E), D (part of Shanghai: 30°72′ -31°02′ N, 121°00′ -121°55′ E), E (part of Xinjiang: 43°54′ -45°45′ N, 84°11′ -87°67′ E), F (part of Sichuan: 30°31′ -31°18′ N, 103°41′ -104°81′ E), G (part of Hebei: 39°01′ -39°92′ N, 118°81′ -118°97′ E), H (part of Tianjin: 39°01′ -39°86′ N, 116°96′ -118°97′ E), I (part of Heilongjiang: 45°00′ -47°23′ N, 124°13′ -126°68′ E), and J (part of Anhui: 31°64′ -34°29′ N, 115°09′ -118°75′ E). The farms were selected randomly for sampling. A total of 997 milk samples were collected on 568 farms. This represented 100 milk samples per area studied, except for area H (n = 97). The sampling was realised between May and August 2016. All samples were collected in 200 mL polypropylene bottles and stored at −20°C in the laboratory.
Heavy metal measurement
All reagents were analytically pure. Water used in the analytical process was obtained from a Milli-Q Plus water purification system (18.2 MΩ cm) (Millipore, USA). Nitric acid (65%) and hydrogen peroxide (30%) used in sample digestion were obtained from Merck (Germany). All the vessels were immersed in 20% HNO 3 (v/v) for at least 12 h and rinsed with ultrapure water before analysis.
Raw milk samples of 1 mL were digested with microwaves after adding 4 mL HNO 3 and 3 mL H 2 O 2 in polytetrafluoroethylene (PTFE) tubes. A MARS 6 microwave sample digestion system (MARS6, CEM Corporation, USA) with a power of 1600 W was used for the digestion of milk samples. This digestion was performed according to the method by Zhou et al. (2016) : (1) ramp time 5 min, temperature 90°C, hold time 5 min; (2) ramp time 5 min, temperature 150°C, hold time 10 min; and (3) ramp time 5 min, temperature 180°C, hold time 20 min. Digested samples were allowed to cool to room temperature, transferred to polypropylene tubes (Corning, USA), and diluted to 50 mL with ultrapure water. Blanks, devoid of samples, were subject to the same digestion procedures during sample preparation. The contents of Pb, As, and Cd were measured by ICP-MS (7700x, Agilent, USA) with helium gas reaction model.
Standard calibrations were developed to quantify the contents of Pb, As, and Cd in raw milk samples. For this, standard solutions were prepared from multi-element stock standard solution (10 mg/L, SPEX, USA). The linear regression coefficients (R) of the calibration curves were considered acceptable when R N 0.9995. During the whole measurement, the calibration curves for Pb, As, and Cd were prepared with five points (1, 2, 3, 4, 5 μg/L, blank not included). Limit of detection (LOD) was calculated from 3 times the standard deviation of the sample blank, relative to the slope of the analytical curve. The digested milks were used in the calculation of LOD. The LOD for Pb, As, and Cd were 0.28 μg/L, 0.09 μg/L, and 2.89 × 10 −3 μg/L, respectively.
Samples spiked with standard solution were used to verify the accuracy of the method. The recovery rates of Pb, As, and Cd in milk were 97.1%, 94.4%, and 95.5%. Concentrations below LOD were replaced by half the value of the respective detection limits, as proposed by Potortì et al. (2013) (i.e., 0.14, 0.045, and 1.445 × 10 −3 μg/L for Pb, As, and Cd).
Statistical analysis
All statistical analyses were performed using SAS 9.4 software (Cary, NC, USA).
The variability of milk heavy metal contamination within milk producing areas was assessed by calculating the standard deviation of measured Pb, As, and Cd levels, as well as by estimating the positive rate defined by the number of contaminated samples per area. The spatial distribution patterns of Pb, As, and Cd within studied areas were modelled by ArcGIS 10.2 mapping software (ESRI, New York, USA) using the ordinary kriging algorithm. A leave-one-out cross-validation was performed to assess the prediction performances of the obtained distribution map. To evaluate the unbiased characteristic of the predictions and their uncertainty, some statistical parameters were calculated. The uncertainty was assessed by estimating the root mean squared error (RMSE). As the Pb, As, and Cd levels presented at different scales and in order to compare the different developed kriging models, the root mean squared error was standardised. This parameter was calculated using the prediction errors divided by its corresponding prediction standard error (RMSSE). RMSSE was used to assess the uncertainly of the predictions. A RMSSE value higher than 1 means an underestimation of the variability of the studied traits in the predictions. Conversely, RMSSE lower than 1 means an overestimation. Therefore, the difference in RMSSE-1 was calculated to compare the uncertainty between the developed kriging models. The predictions were estimated to be unbiased when their mean of standardised prediction error (MSE) was close to zero.
To assess the variability of milk heavy metal contamination between studied areas, non-parametric Kruskal-Wallis tests were performed, because the data were not normally distributed based on the results of the Shapiro-Wilk test. Area was considered as a fixed effect in the model. Pairwise two-sided multiple comparisons were performed using the Dwass, Steek, Critchlow-Fligner method. Differences were assumed significant when the P-value was lower than 5%. Finally, Spearman correlations were calculated to assess the relationships between observed Pb, As, and Cd contents within each studied area. A P-value lower than 5% means a correlation siginificantly different than 0.
Results
Concentrations of Pb, As, and Cd in raw milk samples
The average level of Pb, As, and Cd in studied milk samples were equal to 1.75, 0.31, and 0.05 μg/L, respectively. Average levels of Pb in milk produced in the ten studied areas showed the descending average content as follows: Table 1) . Average levels of As and Cd ranged from 0.13-0.80 μg/L and 0.02-0.09 μg/L, respectively, and the highest average contents were found in areas J and A. The maximum levels of Pb and As were detected in the same sample from area C, while Cd was highest in area J ( Table 1) .
The observed values of Pb in all samples were below the Chinese maximum residue limit (MRL) (i.e., 0.05 mg/kg for Pb) (CFDA&NHC, 2017) . However, 1.20% of samples (i.e., 12 samples out of 997) were above the MRL recommended by the European Union (0.02 mg/kg) (EC., 2015) , and these samples were from 4 regions. The MRL for As imposed by the Chinese government is 100 μg/kg (CFDA&NHC, 2017). The measurements for As were never higher than this threshold for all studied samples. To our knowledge, no MRL for Cd in raw milk exists. However, Cd globally had the highest positive rate (77.4%) showing a strong presence of Cd in the studied raw milk. Lead and As had a global lower positive rate: 68.4% and 46.5%, respectively (Table 1) .
Between area variability
The positive rate differed between studied regions. The highest positive rate for Pb was observed for area G (96%), followed by areas J (91%) and A (90%). The lowest was measured in area I (40%). Area J had the highest positive rate for As (66%) and area E the lowest (28%). For Cd, the highest positive rate was observed for area A (98%) and the lowest for area C (55%). The ranges observed for the positive rate were different between heavy metals: 68.4% for Pb, 46.5% for As, and 77.4% for Cd.
Differences in the contents of Pb, As, and Cd were also observed between areas (Table 1) . Kruskal-Wallis tests were performed to evaluate the significance of these differences between regions. The obtained Pvalues confirmed the existence of significant differences between areas. Lead content in area G was significantly (P b 0.05) different between all areas except A and J. Furthermore, areas C and I showed no difference (P N 0.05) with area H, nor between areas C and I. There were no significant differences in Pb content in areas A, J, and E (P N 0.05). The mean value of As in area J was significantly higher than areas C, D, E, F, and I (P b 0.05). The contents of Cd in area A showed a significant difference with all other areas, followed by areas J and G (P b 0.01).
Within area variability
For all studied heavy metals, the standard deviations observed within area were higher than those observed between areas (Table 1) . To study the spatial distribution of this contamination in more detail, the levels of Pb, As, and Cd measured in milk samples were modelled using the ordinary kriging method (Figs. 2 to 4) .
Arsenic and Cd in raw milk from area A shared a similar pattern of higher levels in western areas, and Pb showed higher levels in the northwest. Lead and As in raw milk from area C present the same spatial distribution trait of decreasing from northeast to southwest, while Cd showed a different distribution from Pb and As. Arsenic and Cd in area F presented same pattern with higher concentrations in the north, whereas Pb in raw milk had a different distribution pattern with higher concentrations in the east region. In addition, Pb, As, and Cd in area G showed a similar southwest to northeast distribution trend with higher concentrations in the southwest, whereas Pb also showed higher levels in the north region. In area I, Pb, As, and Cd showed the same higher concentration in the southeast. The distribution properties of Pb, As, and Cd in areas B and D presented a similar trend with higher contents in the mid and west. However, the distribution pattern of Pb, As, and Cd in area E, H, and J showed a different trend. The higher levels of these metals were concentrated in limited ranges.
The statistical parameters calculated from the cross-validation procedure are given in Table 2 . The mean value for MSE was −0.004 for Pb, 0.001 for As, and 0.004 for Cd. Throughout the studied traits, the MSE in absolute values varied between 0.000 and 0.043. For all studied heavy metals, the values of RMSSE-1 changed between regions. Globally, throughout the studied metals, half of the RMSSE-1 estimations were negative. A total of 15 absolute values of RMSSE-1 were lower than 0.1 suggesting a good representation of the uncertainty. This represented 50% for Pb, 40% for As, and 60% for Cd. An extremely high RMSSE-1 value was observed for the As model in area E. A high value was also observed for the As model in area G.
Correlations between Pb, As, and Cd
Spearman correlations calculated from measured Pb, As, and Cd contents within specific areas are presented in Table 3 . Lead and Cd showed significant positive correlations for all studied areas, except area I where the correlation value was positive but not significant. Lead-As showed positive correlations for areas A, B, C, H, and J. The remaining correlations were also positive for areas D, E, and G, and slightly negative for areas F and I, but all of those values were not significantly different to zero. Positive correlations were also found for As-Cd in areas E, F, G, H, I, and J. Positive correlations were observed between As and Cd in areas A and C but were not significant. No significant negative correlations were observed for areas B and D.
Based on the significance levels, we can observe that areas A, B, and C seemed to have similar relationships between Pb-As and Pb-Cd. Areas E, F, and G also showed similar correlations for As-Cd and Pb-Cd. Areas H and J seemed to also have similar relationship patterns between PbAs, Pb-Cd, and As-Cd. Areas D and I were different to the other studied areas.
Discussion
Although milk and dairy products contain many active biomolecules for human health, these food products can also contain unfavourable components such as Pb, As, and Cd. However, the presence of Pb, As, and Cd are related to the production environment of the milk. The current large scale study allows observing large variability of heavy metal contamination in milk within and between the main ten Chinese milk producing areas. Those results suggest to develop appropriate sampling procedures in order to control the evolution of this contamination of milk, which is potentially dangerous for human health as well as for dairy cows.
The presence of Pb and Cd was observed in the majority of analysed milk samples: 68.4% for Pb, and 77.4% for Cd. This positive rate was slightly lower for As with a percentage equal to 46.5%. This means that these heavy metals are largely present in milk. Some sources of contamination therefore exist in the studied milk production areas. However, there are 3, 3, 5, and 1 samples from area C, D, E, and H were higher than the MRL imposed by European Union. This second observation allows a nuanced conclusion of the observed positive rate to be made. Therefore, Pb and As were present in many measured samples but the contents are less likely to lead to serious health problems as they have globally low contents of these heavy metals. The mean value observed for As was lower than that reported by Pérez-Carrera et al. (2016) in Argentina (4.0 μg/kg, 3.5 μg/kg) and by Sarkar et al. (2016) in India where the cows were highly contaminated with As (69 μg/L). The average levels of Pb in the present study were also lower than those recorded by Bilandzic et al. (2016) in rural areas in Croatia (11.4 μg/kg, range 5.11-131 μg/kg) and by Kazi et al. (2009) in Pakistan (47.6 μg/L, range 41.8-58.7 μg/L). The observed mean Pb value was similar to that obtained by Kim et al. (2016) in Korea (1.48 μg/kg) and by Tang et al. (2014) in China. Unfortunately no MLR is available for Cd but the measured content (0.06 μg/L) was globally quite low when compared with the literature (Ismail et al. (2015) : 1.0 μg/kg; Kazi et al. (2009) Tang et al. (2014) : 2 μg/kg). One sample from area J had an extremely high value for Cd (8.74 μg/L). This is much higher than other values and a future investigation must be conducted to confirm this extreme value.
The positive rate as well as the measured contents for the studied heavy metals differed between regions. This could explain the Fig. 4 . Spatial distribution of the cadmium concentrations in raw milk (μg/L) in the main milk producing areas in China.
Table 2
Root mean squared error (RMSE), mean of standardised error (MSE), and root mean squared standardised error (RMSS) obtained after a k-fold cross-validation for each studied area. differences observed between these results and the studies by Tang et al. (2014) and Zhou et al. (2016) who also conducted studies in China. As mentioned previously, the results obtained by Tang et al. (2014) from Chinese regions showed similar values for Pb and higher values for Cd. In this latter study, the samples were collected in Zhejiang province which is close to areas D and J of the present study. Area J showed an extremely high variability for Cd content which can relate to the higher value observed by Tang et al. (2014) from a lower number of samples. Zhou et al. (2016) observed a higher positive rate for As (82.5%) and a lower rate for Cd (32.5%). In Zhou et al. (2016) , only 40 raw cow milk samples were collected in two regions (20 samples per region instead of 100 in the present study). Significant differences in the levels of Pb, As, and Cd between the main Chinese milk producing regions were confirmed in this study. However, based on the standard deviation observed in this study, we can suggest a higher heterogeneity of milk heavy metal contamination within areas than between areas. This was expected as the contamination of milk by heavy metals is mainly due to contamination of the environment and also the contamination of fodder given to the dairy cows (Mohajeri et al., 2014; Shailaja et al., 2014) . For instance, the proximity of lead zinc factories favoured contamination (Mohajeri et al., 2014; Patra et al., 2008; Swarup et al., 2005) . These last authors found that the mean blood Pb level in cows around the smelter was higher (1.09 ± 0.26 mg/L) than the cows from the reference area (0.72 ± 0.25 mg/L). Higher As (65% detectable residue) concentrations in milk found in the winter sampling are possibly related to a higher consumption of concentrate in the feed, and soil ingestion when grazing (Rey-Crespo et al., 2013) . The contents of As in industrial regions close to the Black Sea had higher levels, whereas regions also near the Black Sea but far from the industrial region showed higher Pb levels (Temiz and Soylu, 2012) . The steel industry and traffic activities also lead to Cd and Pb pollution (Qing et al., 2015) . A previous study indicated that the lower reach of the Yellow River near Inner Mongolia contains higher metal concentrations in comparison with the middle and upper reaches of the river near Ningxia and Gansu, China (Ma et al., 2016) . The spatial distribution of Cd in wheat grains showed similar geographical patterns with soils, whereas Pb showed an opposite pattern (Ran et al., 2016) . All these results indicate that conditions in the local environment, such as those of the soil, water, river, industry, mining, and smelting, may contribute to Pb, As, and Cd contamination in animals and its transferrence to milk. As it is not possible to make a sampling collection among all potential pollutant industries, there is an interest in realising a primary screening of the variability of milk heavy metal contamination. This was the objective of this study and this explains why we have decided to randomly select the studied farms. Based on the nearly 1000 measured samples and by using an ordinary kriging method, it was possible to model the distribution of Pb, As, and Cd contamination in milk in all studied areas (Figs. 2 to 4) . The cross-validation confirmed that the predictions were mainly unbiased. However, an uncertainty was observed for some models. A little over half of the estimated RMSSE-1 values were lower than 0.01 suggesting good modelling of data. The predictions obtained in some regions overestimated or underestimated the variability of the considered contamination. This is related to an inappropriate sampling procedure, but this cannot be known before making the different measurements realised in this study. However, the distribution map presented in this study, although imperfect, could be used to define a more appropriate sampling procedure if we want to control the evolution of milk heavy metal contamination in China in the future.
Based on Table 2 , we can see that there are no values of RMSSE-1 lower than 0.001 for the 3 metals modelled in the same region. This could indicate different behaviours of Pb, As, and Cd milk contamination. This was confirmed by the estimation of Spearman correlations between all studied heavy metals per area. The values were globally moderate positive, some were negative but these values were not significant. Therefore a moderate relationship exists between the studied metals. However, the values of this correlation changed between the studied regions. A hypothesis should be that the sources of contamination are different between regions. Pilarczyk et al. (2013) also found significant positive correlations between the concentrations of Pb and Cd in the milk of Simmental and Holstein-Friesian cows (r = 0.86, r = 0.87). These correlations were also visible on the obtained distribution maps (Figs. 2 to 4 ).
Conclusion
Lead, As, and Cd were measured in many analysed samples. However their average contents were lower than those reported in the literature. Moreover, no samples had a content of Pb and As higher than the MRL imposed by the Chinese Government. The heterogeneity of milk heavy metal contamination was higher within areas than between areas. Significant differences were observed between regions. Spatial distribution concentrations in raw milk samples were modelled using an ordinary kriging method to illustrate the distribution of milk Pb, As, and Cd contamination. Unfortunately, for a little b50% of the developed models, the cross-validation results showed a moderate uncertainty leading to an overestimation or an underestimation of the variability of those contaminates by the predictions. This was explained by the sampling procedure used. As no information was available about the potential pollution with Pb, As, and Cd, a random selection was done by farm. This was therefore not appropriate enough for some models. In the future, the distribution maps created in this study could be used to better define the sampling procedure needed. This could allow a programme to be implemented to follow the evolution of this contamination in milk in the main milk producing areas in China. Table 3 Spearman correlations between Pb-As, Pb-Cd, and As-Cd milk concentrations (μg/L) in the ten main milk producing areas in China (A-J). 
